The laboratory mouse is the most common mammalian model organism for research of the human body functions and disorders. For experimental purposes mice selected from inbred strains, developed by many generations of brother-sister crosses, are usually used. Individual mice of a given inbred strain are therefore considered genetically identical. However, our preliminary observations suggest that for a number of phenotypic traits mice originating from the same litter are significantly more similar than mice coming from different litters of the same inbred strain. We estimated the size of this litter effect for a number of traits in several phenotypic studies. By means of simulation we showed that ignoring the litter effect may result in several fold higher false positive rate and severe underestimation of minimal sample size.
INTRODUCTION
Starting with the work of Gregor Mendel, genetics has always been one of more mathematically oriented areas of biology. As time goes by, the geneticists adopted various statistical tools: from Student's T-test through Wright's path analysis and Fisher's work on Mendelian inheritance to modern robust and Bayesian methods for processing the microarrays.
Statistical methods, even the simplest ones, are always based on a number of assumptions. It is important to know about them and to know about consequences of their infringement. In real life variances are often heterogeneous, measurements not independent and distributions far from the ideal Gaussian bell shaped curve. Dealing with these issues is crucial and there is a vast amount of literature how ignoring the unstated assumptions can lead to false conclusions, eg. (Glass et al., 1972) . This paper is focused on a very concrete issue in the field of mouse genetics -a litter effect (LE) in phenotyping studies, particularly in large scale phenotyping studies. For genetic analyses we usually use mouse inbred strains, developed by many generations of brother-sister crosses (Silver, 1995, p. 32) . Individual mice of the same inbred strain are therefore considered genetically identical.
It seems natural to assume that if we are interested in some phenotypic traits for a given inbred strain, a mode of selection of mice should not influence the measurements. Using the language of mathematical statistics -we suppose that our measurements are independent, identically distributed (iid) random variables.
The best common practice is to control for possible sources of bias and so all animals usually come from the same animal facility, year of the birth or even similar size of the litter. But what about the effect of sharing the same litter? Is it possible that mice differ across litters, e.g. two mice from the same litter are more similar than two mice from the same experimental group but a different litter? The question is not entirely new, eg. (Haseman and Kupper, 1979) , but it is still ignored by the main stream of research. We want to demonstrate here that the answer is positive for a number of phenotypic traits.
In this paper we are giving an evidence of a LE in three large scale phenotyping studies in Mouse Phenome Database (Grubb, Maddatu et al., 2009) and discuss the consequences on the results of statistical tests.
RESULTS
In our lab the weights of sacrificed mice are routinely recorded. LE was first observed when we analyzed these records. See Sections 2.1 and 4.1 for details.
To confirm this phenomenon we have chosen three phenotypic datasets collected at The Jackson Laboratory in Bar Habor, Maine, and publicly available at Mouse Phenome Database (MPD). See Section 2.2.
Laboratory Notebook
The size of LE was such that we were even able to observe it just by reading the protocols without any formal statistical test.
Applying methodology described in Section 4.2, LE was found highly significant (p<0.001). It was estimated to account for 43% (SE=6%) of variability of body weight.
The Litter Effect Observed in Three MPD Datasets
Mouse Phenome Database records contain only IDs of mice, not litters. We were able to recover litter IDs from mouse IDs in three selected large studies: Lake1, Svenson2 and Tordoff3. Only experimental groups / strains with at least two litters were considered (see Materials and Methods part for details). LE has been found significant (likelihood-ratio test's unadjusted p-value < 0.05) in 106 out of 129 tested traits, the average proportion of residual variability attributed to the LE is 25% (standard deviation = 16%). The highest proportion of residual variability was explained by hemoglobin concentration distribution width (HDW) both for Lake1 and Svenson2 studies (not contained in Tordoff3) where LE was accounted for 74% (SE=5%) and 57% (SE=8%) of variability, respectively. See Tables 1 and 2 (at the end of the paper) for other litter effect estimates.
Simulation Study
We performed a simulation study to quantify the influence of LE to type-I-error (proportion of false positives) of T-test (on 5% level The results are visualized on Figure 1 . In case of (average) 25% of residual variability attributed to LE we get 2.3, 2.9 and 4.2 times as many false positives as expected, respectively. The second question is how many mice we need to get a reasonable chance to significant result of the test in ANOVA model with random litter effect (described in Section 4.2). We set the parameters as follows: 4 mice per litter (e.g. 9 mice are divided into three litters as 4+4+1), 5% type-I-error (proportion of false positives), 80% power (proportion of true positives), and difference between groups equals two within-litter standard deviations. 
DISCUSSION
In this paper we have demonstrated presence of LE in several phenotyping studies.
The consequences are particularly important for large-scale phenotyping studies (such as databases of gene knockouts) comparing many traits for a high number of experimental groups where we predict higher occurrence of false positive results than expected.
For illustration let us consider a study of 20 chromosome substitution strains (Nadeau, 2000) . Comparing these strains to control parental strain result on average in 2-4 false positives (if the design would be as in Section 2.3) while only 1 false positive is expected on 5% level.
It is fair to admit that at the moment we do not know what is behind this effect since mice in the litter share many common characteristics: not only mother and father, but also exactly the same condition during prenatal development, the same cage, the same day to be born etc. Separation of these factors will be statistically challenging.
Last but not least, the assumption of independent observations is not violated only by T-test discussed in this paper but also by many other methods commonly used in mouse genetics from QTL mapping (Broman and Sen, 2009 ) to microarray gene expression analysis (Gentleman et al., 2005) .
MATERIALS AND METHODS

Datasets
The first data source was our lab notebook with body weights records of sacrificed mice. We have restricted ourselves to 28 chromosome substitution strains and time period from January 2005 to December 2007. Information about 523 mice (both males and females, sacrificed between 75 and 81 days) was collected.
Our second data source was Mouse Phenome Database (MPD), http://www.jax.org/phenome, an open web-based repository of phenotypic data on commonly used and genetically diverse inbred strains of mice and their derivatives. There were three large datasets where we were able to recover litter IDs from mouse IDs: Lake1, Svenson2 and Tordoff3.
Lake1 (MPD accession number: 199) was a multi-system analysis of mouse physiology of C57BL/6J-Chr# A /NaJ chromosome substitution strain panel collected by Jeffrey Lake, Leah Rae Donahue and Muriel T Davisson. The purpose was to examine the phenotypic outcome of chromosome substitution for multiple parameters such as hematology, blood chemistry, lung function, blood pressure and pulse, and electrocardiogram. This survey contains 374 mice from 23 strains.
Svenson2 (Gregorová et al., 2008 , MPD accession number: 219) was an analogical multisystem physiological survey of mouse physiology in chromosome substitution strain panel. However, it was devoted to C57BL/6J-Chr# PWD consomics. The survey contains 399 mice from 18 strains.
Tordoff3 (Tordoff et al., 2007 ; MPD accession number: 103) was a survey of calcium and sodium intake, blood pH and calcium level, and bone and body composition data in 40 inbred mouse strains to gain insight into how food and beverage consumption contribute to diseases such as obesity, hypertension and diabetes. This survey contains 790 mice.
Statistical Analysis
The response variable (quantitative trait) of an animal in an experimental group ( ) and a litter ( ) was modeled by ANOVA model with a random litter effect as follows
where • is a group fixed effect, •~ (0, ) is a random litter effect and •~ (0, ) is a random noise, e.g. Gaussian independent, identically distributed random variables with zero means and constant variance. Residual variability explained by LE (or attributed to LE) is defined as follows
Standard error (SE) of residual variability explained by LE can be approximated from and by delta method. The distribution of this fraction is far from bell shape and the calculated SE should be used as (only) approximation of true value.
Testing for a difference between group means is a standard test for presence of fixed effect in mixedeffect model as discussed e.g. in (Verbeke and Molenberghs, 2000, p. 55) . Testing for random litter effect is a bit more challenging. Two approaches were implemented:
Likelihood ratio test as discussed in (Verbeke and Molenberghs, 2000, p. 65) : the test statistic is a difference in log-likelihood between models with and without random effect multiplied by two. Under the null hypothesis ( = 0) it is asymptotically distributed as a mixture (weights ½ and ½) of chi-squared distribution with 1 degree of freedom and constant 0. Permutation test: 1000 permutations of observations within each experimental group are performed to see how much exceptionally high is the test statistic (the observed residual variability explained by LE). P-value is a fraction of randomly generated test statistics greater than actually observed test statistic.
All calculations were done in R 2.9.2, nlme package was used for LE inference in mixed models.
Simulation Study
In the first scenario a random sample of 100 000 cases was generated for each considered value of /( + ) (from 0.00 to 0.75 by 0.05). For each case two random vectors were generated such that observation i of litter l(i) was computed as follows
where ( ) and were sampled from distributions N(0, ) and N(0, ), respectively. For each case T-test was performed and resulting p-value recorded. The percentage of cases with pvalue below 5% was reported as Type-I-error.
In the second scenario for the same set of considered values of /( + ) and a temporary suggestion for possible minimal sample size n we generated 10 000 samples of two vectors of length n such that observation i of litter l(i) was computed as follows
where equals zero for the first vector and one for the second vector; ( ) and were sampled from distributions N(0, ) and N(0, ), respectively.
For each case we compared means of vectors by ANOVA with a random litter effect and record the p-value. If the percentage of cases with p-value below 5% was lower than 80% then n was increased by 1 and the whole procedure was repeated. 
